Abstract-The discrimination of the scattered wave from an object buried in shallow ground from that of the rough surface is a difficult task with present ground penetrating radar (GPR) systems. Recently, a new approach for this classical problem has been proposed and its effectiveness has been verified. This new method is based on the angular correlation function (ACF) of the scattered wave observed at two or more different incident and scattered angle combinations. It has been shown that the angular memory signatures of rough surfaces are substantially different from those of typical man-made targets and by choosing the appropriate incident and scattered angles, the surface scattering can be minimized whereas the scattering from the target is almost unchanged. In this paper, we will present detailed numerical studies of the ACF of the scattered wave from rough surfaces with and without a buried object. To obtain the ACF, the three averaging methods: realization, frequency and angular averaging, are tested numerically. It is shown that a single random rough surface of moderate extent can exhibit memory effect by using frequency averaging. Frequency averaging with a wide bandwidth is also effective for suppressing fluctuation in ACF and is most useful for practical applications. Numerical simulations indicate that even when the ratio of scattered intensities with and without the buried object is close to unity, the corresponding ratio of ACF magnitude can be more than 10 dB. Thus, using the ACF is superior to using the radar cross section (RCS) in the detection of buried objects.
object buried in shallow ground without using a discrimination technique such as a very short pulse and time-gating method. The study of scattering by random rough surfaces has been conducted for many years [2] [3] [4] . The past efforts have been mostly restricted to the measurement and calculation of bistatic scattering intensities and RCS. However, recent studies revealed that the ACF of scattered fields by rough surfaces can exhibit a strong correlation called angular memory effect [5] , [6] . It has been shown that the values of the ACF are small except along the memory line of the incident and scattered directions. The angular correlation function is the correlation function of two scattered fields in directions and corresponding to two incident waves in directions and , respectively ( Fig. 1) . ACF is defined as (1) where is the scattered field in direction for incident field in direction , and denotes ensemble averaging over realizations, frequency bandwidth, or angles. The simplest arrangement can consist of two monostatic radars with and ( in this paper are ACF magnitudes, except for that in Fig. 8 , which is the phase of the ACF. The memory line obeys the angular relation of . It is analogous to a phase matching condition for reflection by a flat boundary. Because a random rough surface is not translational invariant, it has not been apparent that the scattered fields have any phase matching condition. However, recent studies utilize the fact that the random rough surface can be statistically translational invariant. Thus, it exhibits a phase matching condition when ensemble averages of the scattered fields are taken. This has been verified by theoretical models and experiments [7] [8] [9] [10] [11] . In all these studies of angular correlation functions, the memory line does not exhibit itself for a CW wave scattered from a single random rough surface. The presense of the memory line has only been revealed by using many rough surfaces and taking realization averages. Recently, we applied the ACF technique for the detection of a target embedded in clutter. The ACF of scattered fields by a target and that by rough surfaces are very different. The angular width of the ACF response due to the target is usually wide compared to that of rough surface. Both preliminary experimental [10] and numerical results [11] showed very promising data, but further studies must be conducted to use the ACF technique for the detection of a buried object.
The crux of the problem for the detection of a buried object under a rough surface is how to suppress the clutter and make the object more conspicuous. There is a fundamental difference between the speckle reduction in SAR or optical images and the proposed angular correlation method. The SAR speckle reduction is performed on a image which has an intensity fluctuation. Intensity is always a positive quantity. The purpose of taking average of intensity is to obtain the mean. This process will reduce the fluctuating component but the mean value is always nonzero. On the other hand, ACF is, in general, a complex number and is a coherent averaging technique of products of complex fields. It can have a zero mean by taking averages. We show that this ACF coherent averaging scheme can achieve a relative reduction of 15 dB.
In this paper, we will present a) an analytical study of the ACF of the scattered wave by rough surfaces based on the small perturbation method by using realization averaging, b) a numerical study of the ACF by three average methods, and c) the application of the ACF in the detection of a buried object under a single rough surface. First, we derive the formulas of the ACF based on the small perturbation method. We will show that this simple analytical expression is useful for studying the angular range and frequency bandwidth required for a different averaging method. Next, we study the ACF by using Monte Carlo simulations of exact solution of Maxwell's equations. We define and test numerically the three ensemble averaging methods: realization, frequency and angular averaging. It is shown that even with a single random rough surface of moderate extent, the memory effect can be exhibited by using frequency averaging. The frequency averaging with a wide bandwidth is effective for suppressing fluctuation in ACF and also most useful for practical applications. To simulate the scattering from a buried object, a small cylinder is placed below a rough surface and the ACF is obtained using frequency averaging. For a fair comparison, the intensity is also calculated using frequency averaging. Numerical simulations indicate that even when the ratio of scattered intensities with and without the buried object is close to unity, the corresponding ratio of ACF magnitudes can be more than 10 dB. Thus, using ACF is superior to using the RCS in the detection of a buried object. Numerical results are also illustrated for various rough surfaces and soil moisture conditions. The phase of the ACF [14] is also studied for a buried object.
II. ACF USING THE SMALL PERTURBATION METHOD
When the rms height is small and the rms slope is less than 0.2, the small perturbation method (SPM) is applicable and the analytical expression of ACF can be obtained [2] , [3] . Consider a plane wave incident on a rough surface.
By using the first-order SPM, the scattered field is (2) where (3) , and and are the wave numbers of the upper and lower region, respectively.
In (3), is the Fourier transform of the random height of the surface, and denotes the polarizations. Function is described in many references and is not expressed here [2] .
Substituting (3) and its conjugate into (1), we obtain the normalized mutual correlation function of wave scattering from a rough surface. (4) where is the length of the rough surface under the antenna beam width. The subscript " " denotes realization averaging.
For statistically homogeneous random rough surfaces, the random spectrum has the property (5) where is the spectrum of the rough surface. The condition of (5) is also known as statistically translational invariance. Using the average and difference coordinates, the integrals in (4) can be evaluated. (6) with Equation (6) is a general form of the mutual coherence function, which is obtained based on a plane wave incidence. The incident plane wave can be changed to a Gaussian beam wave and results are same execpt that the function in (6) will be replaced by a Gaussian function. The ACF and the frequency correlation function can be defined from (6) by fixing parameters. For example, the ACF is obtained by setting in (6) . It can be seen that the strong correlation exists when is small. In the limit of infinite , the function becomes a delta function with nonzero values at (7) For fixed and , and are linearly related by (7) which is called the memory line. The angular width of the memory line is the order of .
In Fig. 2 , the ACF magnitude along the memory line for rms height , correlation length , and surface length is shown. The reference angles are for Fig. 2 (a), and for Fig. 2(b) , respectively. The ACF magnitude is shown as a function of and the corresponding is obtained from (7). The broad ACF magnitude in Fig. 2(b) is consistent with the first-order Kirchhoff approximation (KA), but the sharp peaks observed for very rough surfaces are missing [8] . To show the parameter dependence, we plotted the ACF magnitude for different polarizations and dielectric constants in Fig. 2 . The dielectric constant is obtained for the soil by using the empirical model [12] for the moisture content of 5% and 30% at frequency of 1.5 GHz. They are and , respectively. In Fig. 2(c) , we also compared the ACF magnitude based on SPM with exact numerical simulations. If the rough surface parameters (rms height and correlation length) are within the limit stated earlier, the agreement between SPM and numerical simulations is satisfactory.
The frequency correlation function can be obtained from (6) by setting and . Because the value of the function is small except near the zero argument, the frequency correlation is only appreciable when is close to zero. Therefore, the width in the frequency domain is given by (8) To get independent samples, the difference of the two frequencies must be large enough so that can be satisfied. In other words, the bandwidth in frequency averaging must be much larger than the coherent bandwidth . Although (8) is based on SPM, it is useful for estimating a number of independent samples in frequency averaging as described in the following numerical simulations.
III. ACF WITH DIFFERENT AVERAGING METHODS: MONTE CARLO SIMULATIONS OF EXACT SOLUTION OF MAXWELL's EQUATIONS
In the simulation of wave scattering from rough surfaces, it is customary to use the realization average to calculate the scattering cross section. However, when the object is buried under a single rough surface, realization averaging may not be applicable and other means of taking a coherent average must be investigated. In this section, we will define the ACF of the scattered wave based on realization, frequency, and angular averaging methods. As shown in the previous section using SPM, it is possible to obtain the ACF if the data are available over a wide frequency bandwidth or angular range.
Realization averaging: The ensemble average is obtained by taking averaging over different samples (rough surfaces) with the same statistics. (9) where denotes the realization index, and is the number of realizations. and are total power flux of the two incident waves, respectively. In general, many independent samples (realizations) must be generated to get stable data.
Frequency averaging: Frequency averaging takes an ensemble average over a frequency bandwidth centered at . (10) where is the number of frequencies over the frequency range , and is the frequency index for .
Angular averaging: The angular averaging is defined by small changes of incident and scattering angles around the fixed angles. (11) where is the number of the angles, and is the small angular difference for index . Fig. 3 shows the ACF magnitude with different ensemble averaging methods. The random rough surface is generated by using the spectrum method [13] with a Gaussian height distribution and Gaussian correlation function. The test surface was generated with a random number and results for different surfaces with the same statistics are quite similar. In numerical simulations, a tapered plane wave is used as an incident wave to eliminate the effect of edges of the rough surface. The tapering parameter is chosen to be in the simulations. Fig. 3(a) is the result for one rough surface without any averaging. Fig. 3(b) is that of realization averaging taken over 100 rough surfaces. It is clear that the existence of the memory line becomes apparent if a sufficient number of independent samples are included. Fig. 3(c) shows the ACF magnitude of a single rough surface based on the frequency averaging method with 50 equally spaced samples over the frequency bandwidth of to . The large ridges in Fig. 3 (c) correspond to the measured in the forward, including specular, direction. Although the ACF magnitude by frequency averaging is noisier than that of realization averaging, a distinct memory line is clearly visible. To suppress fluctuation in Fig. 3(c) , more independent samples must be included in the averaging process. It was estimated that only about 10 independent samples can be obtained with the bandwidth of to using (8) . For the frequency averaging to be effective, a much wider bandwidth, which is available in ultra-wideband radars, may be required. Fig. 3(d) shows the ACF magnitude by the angular averaging method given in (11) . The results are smoother than those without averaging [ Fig. 3(a) ], but the memory line is not as clearly visible as that of frequency averaging. Using SPM, we estimated that only 3 independent samples are available within a 20 angular range for the value of that we have chosen.
IV. SCATTERING BY A BURIED OBJECT UNDER A ROUGH SURFACE
In this section, we will obtain the scattered field from an object placed below a rough surface using the surface integral equation method. The equations are solved numerically giving an exact solution of Maxwell's equations. The surface has a one-dimensional profile with the horizontally polarized (TE) wave, and we assume the buried object is a perfect conductor as shown in Fig. 1 . The same technique can be applied for a dielectric object with a slight modification.
Let and be the fields in regions 0 and 1, respectively, and the boundary conditions are at the rough surface and on the surface of the object. In region 0, we have the integral equation given by (12) where is the incident wave field, is the Green's function for region 0, and denotes the principal value integral over the rough surface.
Similarly, in region 1, we have the integral equation given by (13) where is the scattered field from the buried object, and is given by (14) and is the surface of the buried object.
For on the surface of the buried object, we have (15) where is the scattered field from the rough surface, given by (16) Equations (12), (13) , and (15) are coupled integral equations and can be put into a matrix form with discretization.
(17)
The matrix elements to are impedance matrices. , , and denote the values of , its normal derivative on a rough surface , and the value of the normal derivative of on an object surface , respectively.
After the matrix (17) is solved, the scattered field in region 0 is calculated by (18) The normalized scattered field is defined in (3), and the ACF based on frequency averaging can be obtained using (10) . When and , the ACF becomes the well known scattered intensity and it can be defined based on the frequency averaging method. 
V. NUMERICAL RESULTS
To demonstrate the effectiveness of the ACF over the traditional RCS technique, we conducted numerical simulations using a circular cylinder as the buried object. In addition, the ACF was obtained with the frequency averaging method because in a practical application, realization or angular averaging is difficult to perform. Also the object is buried under a single random rough surface so that taking averages over many realizations of random rough surface is meaningless. The cylinder is placed at a depth and a surface length of is used (Fig. 1) . Unless specified otherwise, all distance units are based on wavelength .
In Fig. 4 (a) and (b), both ACF magnitude and scattered intensity with and without the buried object are shown as a function of the incident angle . The reference angles are and the variable angles are set to . This configuration provides the backscattering cross section (RCS) for intensity, but the ACF magnitude intercepts the memory line only at at which a peak can be observed in Fig. 4(a) . In general, the RCS varies slowly as a function of angle; whereas, the ACF becomes small away from the memory line due to the destructive phase interference in the coherent averaging process.
In a practical GPR system, the presence of a buried object is usually determined by comparison with the same measurement of clutter only (rough surface). To demonstrate the effectiveness of the ACF, therefore, we calculated the ratios of ACF with and without the buried object. A similar definition is used for the intensity as defined below.
with buried object without buried object (20) with buried object without buried object (21) The comparisons of these two ratios are shown in Fig. 4(c) . Although the ratio of ACF contains a large amount of fluctuation due to a limited number of independent samples, the presence of the buried object is clearly identifiable in the ACF data. For example, for , the ratio of intensity is about 1 dB while the ratio of ACF is up to 15 dB. In Fig. 4(a)-(c) , the intensity and its ratio are that for at back directions . It is true that the large difference between the ratio of ACF and that of RCS in Fig. 4(c) is partially due to the small scattering from the rough surface at the reference angles . For a fair comparison, two ratios of intensities are shown in Fig. 4(d) . One is for the reference angles with and one for observation angles . We can see that both the ratio of the intensity at reference angles and that at observation angles are very small. However, the ratio of ACF can be 10 dB. It is noted that the results shown in Fig. 4(d) are obtained by taking the angular averaging over the frequency averaged results as given by (22) The angular averaging is taken over a 20 angular range. Parameters for Fig. 4(d) are the same as those used in Fig. 4(c) except that changes are made for the parameters of the rough surface with and instead of and . A rougher surface produces large clutter scattering at large angles. In this case, the ratio of intensity at both reference angles and observation angles are small, but the ratio of ACF can be larger by 10 dB.
In Table I , the ratios obtained with (20) and (21) are listed for the reference angles of , and
. In most cases, the ratio of ACF is higher than that of the intensity. Fig. 5(a) shows the 3-D plot of the magnitude of the angular correlation function when the object is placed at below the surface. The reference angles are and the configuration is the same as the one shown in Fig. 1 . The 3-D profile near the memory line is similar to the ACF magnitude without an object [ Fig. 3(c) ] due to the strong rough surface scattering effect. However, the ACF magnitude away from the memory line is quite different. The ACF magnitude, on average, is higher than the ACF magnitude without the buried object. Fig. 5(b) is the ACF magnitude for a surface with a smaller rms height . The sharp peak corresponds to the scattering in the specular direction. Fig. 6 shows the ACF magnitude for different rms heights and soil moisture conditions. Results are shown for the reference angles in the backscattering direction as a function of incident angles . In Fig. 6(a) , the ACF magnitudes for two surface rms heights and are obtained with and without an object. The memory line is at where the values are at maximum. When a buried object is absent, the ACF magnitude of is substantially different from that of because the rough surface scattering depends on the surface characteristics. However, results with the buried object for the two different rms heights are similar because, at these angles, the ACF is dominated by the scattering from the buried object and the contribution from the rough surface is small. Fig. 6(b) shows results of two soil moisture conditions. Moisture contents of 5% and 30% in soil corresponds to the dielectric constants of and , respectively. We note that for the high moisture case (30%), the effect of the buried object becomes less because of the large attenuation in the soil. Fig. 7(a) shows the ACF magnitude for three different depths of the object. Although, the ACF magnitude decreases with increasing depth, it is still much higher than that of rough surface scattering only if the angles are chosen carefully. Fig. 7(b) shows the dependence of ACF magnitude on the horizontal position of the object. When is less than [lines 1 and 2 in Fig. 7(b) ], the object is still within the incident beam and the scattered wave contains both rough surface and object contributions. This accounts for the much larger value of the ACF magnitude for lines 1 and 2. For and (lines 3 and 4), the object is on the edge of the incident beam, so that the ACF magnitude becomes comparable to that of rough surface scattering only. Fig. 7(c) shows the ACF magnitude for three different object sizes; and . As expected, the ACF magnitude decreases as the size of the object becomes less. However, if the incident angle is far away from the memory line of the rough surface, a significant difference in the ACF magnitude is apparent even with the smallest size . Based on the data presented in Figs. 6 and 7, it is clear that the choice of the reference and variable angles is a critical factor for the ACF technique to be effective. Further numerical and experimental studies must be conducted to obtain optimum angle combinations for the given system parameters.
In the previous section, we studied the magnitude of ACF and applied it for the target detection. In general, the ACF is complex and the recent study of rough surface scattering revealed that the phase of ACF contains the information related to the average surface height [14] . It is shown that unlike the present interferometric SAR method, the technique based on ACF for the retrieval of surface topography is less sensitive to the phase wrapping problem.
Here we study the phase of ACF in relation to the depth of the buried object. We avoid the memory line in the detection of a buried object. To demonstrate the effectiveness of the phase of ACF for the buried object detection, we present a primary result for a object buried under an almost flat surface. We plot the phase of ACF as a function of an object depth in Fig. 8 . The agreement between analytical and numerical results is excellent. The analytical result is obtained from the first-order scattering of a cylinder placed under a flat surface. It has a simple expression for two monostatic radars, as given by (23) where and are transmission angles corresponding to and , respectively, and are up-and down-going transmission coefficients, and is the scattering amplitude of the cylinder. For the case with a circular cylinder in this paper, the scattering amplitude has no contribution to the phase of the ACF and only the transmission coefficients need to be evaluated. It is well known that the phase of the scattered fields is sensitive to the surface characteristics and varies rapidly as the radar foot print location changes. However, if a sufficient numbers of independent samples are included in the averaging process, the phase of ACF shows a stable response which can be used for the determination of the depth of the buried object.
VI. CONCLUSION
In this paper, we demonstrated the effectiveness of using ACF for the detection of a buried object. The advantage of using ACF is that unlike tomography and the classical inverse scattering problem, only a few incident and scattering angles are needed, e.g., two incident angles and two scattered angles with averaging over frequency. For a rough surface with moderate rms height, we showed that the method based on the ACF is able to reduce the rough surface scattering effect substantially by choosing and far from the memory line of rough surfaces. It was also shown that the frequency and angular averaging techniques can be used for suppressing the fluctuation in ACF and obtaining the memory line with a single rough surface. (1993) (1994) (1995) (1996) and the IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING (1996-present).
